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Short 5'-pliosp!iorylated doyble-strandecl RNAs induce' RNA 
interference in Dmsophila 

Alexandra Boutla*^, Christos Delidakis*^, loannis Livadaras*, 
Mina Tsagris*^ and Martin Tabler* 



Ooyfile-straiided (ds) RMA causes the ^clflc 
degradation of homologous R^As In a process 
called interference iUUM^^ this process 

IS call^ ''iKJsttraiiscrfptlonal ^ene silencing 
<FT€1S)«" in plants [S-?l Both classes of 
silencing have basis imvleimd exlensivety [S-13]. 
The dci|}lex RNA becomes preceded by t^lcm £14] 
or anotfier RHase Oi*>Hk@ ©oz^me to short dsRI<IA 
fragments of aboiit nodeolfdes <ist) £15]^ 

wiil^ are Incorporated In the ^HA-lnduced 
sileiidng c^miilex a»SC) [16] that dimcfs tatget- 
i^f»eclffe SMA degr^atlon [17, 18L Here^ i»e show 
that drfferei^ s^nthetk: dsl^lA cassettes, conslstlns 
of tmo S'-phosphofyla^ RMA strands of 22 rit 
each, can inlllala RNAI hi Bn»s&pthU& embr^es. The 
cassettes \Mere active at similar quantiUes required 
to initiate RilAi conventipnai dsRNA. Thek 
sequence specificily was cofiftnfied tisl&g synthetic 
dsRNA cassettes for two different gen^ Match and 
het^Bimg; each time, onf^ the relevant eifibrifanic 
phem>^e was obsenred. introducniofi of point 
mutations had onf^ a moderate effect on the 
stencing poteittyil^ Indicatiiid that the sitenctng 
snacfiinety does not require perfect sequence 
identify. S'«>|^osphoryfated synthetic RHA was more 
active than its h^droxylated form, Sybstftutlon of 
efth^ RHA strand by DMA strongly reduced activity. 
Synthetic cassettes of sIRHA will proidde a new 
tool Id InduDB mutant phenetypes of genes with 
unknown function. 

Addnesses: ^tstfejte of fM&culm Biok>gy and Biotechnology, 
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Resylts and dis€iissl0fi 

rudiidlon of UHA sltendng by short si^Hiellc dsHHAs 
Rcccndy^ Elbashir et a!. [19, 20] dcmonscrated chac short 
synthetic RNAs can mediate RNA incarfercnce and sc- 
quencc-spccific RNA degradadon in an in vicx> syscem 
as well as in insccc and mafumalian thsnc culture cdis. 
For this class of short RNAs, chey coined the term ""short 
interfering RNAs (siRNAs)**, Wc intended to test whether 
similar RNAs can induce RNAi in a whole organism and 
how their efficiency compares with conventional dsRNA 
As the first target, wc chose the Nou:^ gene, which is 
ubiquitously expressed in the ear^y embryo and whose 
loss of function produces a charactcrisdc "neurogenic** 
phcnotypc {Zl}^ The expressivity of the neurogenic phe- 
notype can be used as a rough qoandcadve csamate of 
the severity of No£dk funcdon disrupdon. 

An In vitro-synchesized 985-bp dsRNA fragment of the 
Naicik mRNA was injected into l>ros4)pMla precellular eih- 
bryos at 5 p-M, which is a typical concentradon fo€ RNAi 
[41, of which about 100 pi, equivalent to about 0.5 fmolc, 
were actually transferred The dsRNA induced a strong 
Notch phenotype with high penetrance (Table la), indica- 
dve of an almost complete inacnvarion of the No^ 
mRNA, both zygodc and nn^temai [221 (Figure Ig»h)» 

Next, wc synthesized two A?i?j5Q^-spccific RNAs of 2^ nu- 
cleoddes, as shown in Tabic lb. Selecdon of die sequence 
within the 985-bp cDNA fragment was based solely on 
structural considcradons, to avoid self-dimcrizadon or un- 
dcsired intramolecular bascpairing of each RNA mole- 
cule. The sequence was checked with BLAST {23| to 
ensure chat it would interfere only with the Nok:k gene» 
In ccmtrast with previous methods [19, 20], wc nsed a 
simple ail-RNA cassette, without deoxynuclcotides in the 
3' protnjding ends and without special consideradons of 
which nucleotide would form the 3' end. However, we 
addidonally introduced a 5' phosphate as an authcndc 
RNase III product [24] and compared it with the nonphos- 
phorylatcd RNA for its silencing potentiaL Both cassettes 
were adjusted to 200 |jlM and were used for iajecdon. 
It should be noted that this is a 20-fold higher molar 
concxsntradon than that of the dsRNA; however* in tenns 
of absolute amount of RNA, it is less than half. The 
phospiiorylatcd cassette was able to induce a strong . 
phenorype (Table IbX exacdy as observed after the injeo- 
non of the long dsRNA. Tlic noophosphorylated cassette 
gave phenotypes with decreased penetrance, but the ex- 
pressivity remained strong (Table Ic). At present, wc 
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Tablet 



Modelc ackls litjected and thi^r mBdt on Induction of the Maich ^neO^gpeu 



Hudelc adds injdcted^ 



. amount* 
p.M>|pg 



Notch phsnot^pe 



Percent |>enetrarice 



Other pli^o^pe 
ScpressfVity* Viat^e/Unspeciflc' 



(a) 


Notch dsRHyt &85 bp 


S/330 
1.65/1 to 


95 (334) 
55 (117) 


+4-+"!- + 
4.4.4.+ 


2/3 
39/6 




£63 r 

R&l: 


5 ' - pACAAOOCTGCCUSCC AGUACGA 

[[[nniiiiffiniiif 

GOUGUUACaACGGACGGOGAUGp - 5 ' 


100/140 
10/14 


92 (334) 
75 C27S) 


444^.4. 
4.444. 


S/S 
16/9 




K63: 


5 ' - HO - ACAAUGCIiGCCUGCCACgACGA 

ininniiiuiiiiiii 

GiraGirUACGACGGACGCTGA0G-OH- S ' 


100/140 


65 (287) 


-1.4.44.4. 


33/2 




R61; 










(<i) 


R61: 


5 ' - pACAATGCTGCCTGCCACTA CGA 

n fiiNiiniiEniin 

GIJ0GUnACGAGGGACGGOGAUO{>- 5* 


100/140 


15 (302) 




68/17 


(e) 


R63: 


5 ' - pACAAUGCOGCCUGCCACOAGGA 

liiniiiif Iff ii till 1 

CmPSTTACGACOGACQGTGATGp-S* 


10O/14O 


23 (309) 


+ 4 


4e/2S 




jD61: 


S • -pACAATe^CTCCCTCCCACTACGA. 
Illlllllif lilllltlll 
QTTGTTAC^C&GACGGTGATGp" 5 ' 


10Q/1S5 


27 (301) 




5d/14 


(g) 


R63: 


5 ' -pACAAOGCIJGGCOGCGAGtfACGA 


100/70 


1 (242) 




70/28 


(h> 


R&l: 


5* -pGOAGUGGCAGGCAGCAtJUGCrOG 


100/70 


12 (282) 


, 4 


70^18 


(x) 


R63: 

R64: 


5 ' - p ACAA0GC0GCCUOCCACUACGA 

iiiinfniiiniiHMfi 

UGUirAGGACGGACGGaGAIf GGirp - 5 ' 


10/14 


25 (213) 


44.44- 


19/1 
46/20 


Ci) 


R66: 
R6S; 


5 - 'pACAAUGCOGUCUGCCACOAGGA 

nfiiiiniiiiiiiini 

GOTGUBACGACAGACGGOGAHGp - 5' 


100/140 
10/14 


at (251) 
53(261) 


4444.4 
4.4 


id^ 

41/8 




R61: 


5 * - pACAAUGCUGUCirGCCAOf ACGA 

liinf uhliiiilii fi 

©OUGUUACGACGeACGGOCAOGp - 5' 


too/140 


88 (18S) 


444.4.4. 


12/0 


{15 


R63: 
R65: 


5 ' - pACAAUGCUGCCUGCCACIIACGA 

niiiiin iiniiiifi 

• GiniGOUACGACAGACCGlJGAUGi?-5' 


100/140 


93 (245) 


44444. 


8/t 


(m) 


R63t 
R67: 


5* -pACAAUGCllGCC0GCCAClIACGA 

niniiii [llilllil 

Gtnj&imAC GACAAACGGUGAUCp - 5 ' 


100/14O 
10/14 


21 {237) 
8 {2971 


44 


49/30 
86/6 


(n) 


Hock 




-/- 


0 (216) 




70/30 


Co) 


Honiujeeted — 




0(123) 




89/11 



'The rofnes and the se<ioenccs of the Dlfigonudeotides Stfe oxJicated; OhJAs are giv«fi italics; mulatkme am tifKterTmed; sense sttx>od i& on iss^ 
"•The oorwsentrattDn of the sampie used 1?^ injection. 

^Vnm amourrt to odculeted o*? the afssunripcion llmt 1 DO pi is &ctu^i|^ trwisferred. 
''Numbers of errdsiyos injected. 

•Thfe to Afofcft phenotypea {c>~(h) in Figure I; 4-++++, aJmo^ escdusfvely strofig pKenotypas l{g),Cn}]; ^ + + +. strc^ ^enot^p^s Kg), 

(h)l > Nermediate pbe^olj^pes [(4-{fJl, predotdnantV intemiediate pherujffypes [(d>-(f}3; 4-, e?«:iuslyiely phefi<%p«s [(c)| or mterme^i- 
ate [(dd). 

*These am efnfafyoewitt various cutide deJectenolatti*Kjrtahletolossof /Ifofcftfi^^ san^. Most frequent 

pheno^^pe« are head h<^ and tiwi cuticle Cs^ee Rgiane lb), ft is noteworthfy that tte frequerK^ of mesa piBsum^ly iat^ defects (head invdutioo 
«nd cuticle s&cmtion) drops tn the NfOch RNAi samples. The iicely maaon b that tfie earlier A/otefe defect, which cashes loss of article, masks the 
subseqief^ manifestatton of these phenotypes that am intnnsia to our fiy popi^ation. 



177S Current Bioiofirr Vol 11 No 22 




Examples of Notch phenotypes "mducecL Anterbr b always to the left 
(a) Alrnost wild-type erriwyo, ventral view. Seven ventral denticle 
belts are evident in tha abdomin^ segfments. <b) An exiunple of an 
embryo with ricmspacific Effects. Note tto although the segmented 
teunk is present, tte^e is a hole in the head region {arrow), (c-h) 
Beamples of Notch phenotypes: (c) weak phenotype wth a smeO 
ventrs^ hole (arrow). (d~-f) Intermediate phenotypesr note that embiyo 
id) shows severe cuticle disruption in the posterior half (the site of 
injeotlon}^ wf^ th© anterior half is alnrvDSt wSd-type. (g,h) Strcsng 
phenc?fyp&8 with just small fragm^ts of the dorsal ctjikle remaining 
(arrows}; such plWvotypes v/ere kiduced pmdominantly by lor*g 
dsRNA and i:^ phosphorykted siRNA tsassettes. For a d^Bed view 
erf which f?NA induced wf^ch class of pharjotype, see the explanation 

footnote "e* m Table t ; for more information on Notch^ see tfie 
Supplementary matenal avafeble wrth this article online. 



cannot dUdnguish whcchcr the reduced efficiency is a 
general property or -whether the phosphotylatcd 5' termi- 
nus simply provided protection against exonucleascs. It is 
noteworthy that the phosphorylaced cassette had a higher 
penetrance at a 1 0-fold dilution compared to the undiluted 
nonphosphozylated dsRNA cassette (Table lb,c)> but un- 
der these conditions, its expressivity was slightly lower. 

litdiKrUmi 0f RMA siiendng for 11^ heeig&h<ig gerte 

To test for the specificity and the general applicabaiity 

of indudng RNAi, we used a second synthetic phosphory- 
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Examples of hh phenatypes induced by a synthetic d&RNA The two 
oSgortucieotides were S '-pUCCAUC^CCGCAAUCCCXSC 
AAG>3' and 5'-pUGCGGGAUUGC<3aAeAUQ6AGC~3\ The 
photograph was taken w'rth dark field optics to make cfenticfes 
prominent Anterbr is always to the left, (a) Ventral view of a wild- 
type embryo. Note the segmental^ repeated dentide belts. <b) 
Ventral view, (c) iatsral view of repreeentatrve hh RNAi embryoe* Note 
the absenoe of mouthpart structures and the coalescence of ventral 
denticles in an almost contbuous Iswtfn oc^npared fo the nrvetamecic 
pattern of the embryo in (lO. The partial modu^tkNi in the width of 
denticle belts refiwesents a vestige of segmentatkjn, which Is fK>t dye 
to mcompfete bactivafkai of />/i, as it also c^^esved m homozygous 
hh nuH embryos. For more Hifonafiation on hh, see the Suppiementaiy 
matenat 



lated RNA cassette of the same general design, this dme 
dtrcco!:d against the ked^iOg (hh) gene (Figure 2). At a 
concentradon of 100 jiM, the hh dsRNA csss^xx^ induced 
a strong mutant phenotype in 88% of the 268 injected 
embryos. As iotNatck^ the strength of the observed pheno- 
type suggested complete silencing of the ik gene, 

RHAi^HA h^nds 

According to current models, the andsense RNA confers 
sequence specificity upon the RNAi-mcdiatcd RNA deg- 
radation process [17, 25, 26], In view of this, we next 
tested to what extent one of the RNA strands of the 
Notch. stRNA cassette could be substituted by DNA The 
combination DNA scnse/RNA antisense was the most 
promising since it left the andsense RNA intact. How- 



ever, substitution of either sense or aadsense strand by 
DNA resulted io a dramatic drop in both penetraBcc and 
cxpressiviry of thciVb^phenotypcs (Table ld,e) to lavoh 
compambic to chose obtained with ordinary aadsense 
RNA (Table Ih). A phosphorylated dsDNA cassctxc had 
an even weaker effect (Table !£)» inducing only a very 
mild No£ci phenotype that had not been observed with 
any of the other sa3Enplcs tested (Figure lc% 

lh9 influence of tlie termini cd synihetic RNAs 
on RHA silenang 

Subsequendy^ we tested whether the 3' protruding ends, 
as generated by RNase III [24], arc required, h was re- 
j>orced that blunt-ended RMAs were less active in insecc 
tissue culture [201. Further, Parrish et al. rcponed that a 
synthetic blun trended 26mer dsRNA was about 250-times 
less effective than an Slmcr dsRNA [26], although a 
26mer might be too large to act as a siRHA. In our case, 
wc observed after injection with a blunt-ended RNA cas- 
sette an increased number of viable embryos (Table lb,i) 
and, in accordance with this, a reduced expressivity. At 
10-foId dihidon^ it becarrie evident that this construct was 
less active than the proper siRNA. Thus, the protruding 
3' ends are not mandatory to elicit RNAi; although. In 
our case> the difference was not as pronounced as reported 
earlier, A potendal difference to the blunt-ended cassette 
used previously [20^ 26] is die presence of the 5' phos- 
phate in our construct. 

The InHiiOfice of mtttations wtthln synthetic: UHAb 
on RHA slfenf^ng 

Finally, we tested several RNA cassettes that carried mu- 
tadons. In the first example^ it was our intendon to intro- 
duce a single nucleotide exchange that would interfere 
as much as possible with substrate binding. Therefore, 
the mutadon was posidoned centrally (Table IJ) and was 
simultaneously introduced into the sense and the anri- 
sense strand^ so that the RNA cassette remained double 
stranded. In previous reports, nonmatching nucieoddes 
gready impaired the silencing potendal when introduced 
to die andsense strand of longer dsRNAs [17, 26]_ To our 
surprise, diis synthetic cassette was also able to induce a 
strong A^(a&;4 phcno type with high penetrance (Table Ij), 
indicadng that a perfect match to the target RNA is not 
iiecessarjr to initiate the RNAi response. The 10-fold- 
diluccd sample was sdll active, but penetrance and, in 
pardcuiar, expressivity were reduced, Nesi, we tested 
each of these mutated sense and andsense RNAs in com- 
bination with the wild-type sequence (Table Either 
of the combinaticns, characterized by a GhU pair or a 
mismatch J was highly active. As a third example, we rested 
an RNA cassette with a double motadon in the andsense 
strand paired with the nonmotated 22mcr. Even this RNA 
construct, with its central bulge loop, had some silencing 
potential (Table Im). However, both penetrance arid ex- 
pressivity dropped significantly compared with the single 
mutanL It will require a more detailed analysis to deter- 
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mine at what position and to what degree sequence devia- 
tions can be tolerated without loss of silencing function, 

Condiisloiis 

In this report, we have demonstrated that phosphoryktcd 
siRNAs can replace longer dsRNA to induce RNAi m an 
insect with comparable efficiency. Dunng the review of 
this manuscnpt> Caplcn et aL [27] reported that synthetic 
RNAs inhibit gene expression in Gs^norkMim ekgans. 
However, the organisms differ tn their response to syn- 
thetic RNA While 89% of the progeny broods of dsRNA- 
creatcd worms showed a decrease in gene function, only 
16-3% showed a decrease when a ZSmer siRNA was used. 
Reduction of the nucleotide number to 24 and 23 reduced 
that portion to Z£% and \A% (Z out of 145 animals), 
respccdvcly. That is at vanancc with the situation that 
wc observe for DrasopMla^ in which siRNAs have activity 
comparable to that of dsRNAs- A potendal difference is 
the fact that we directly score the injected embryos. For- 
ther, we found that not all aspects of the RNase IH prod- 
uct mimic are absolutely necessary. Neither the 3' pro- 
truding ends nor the 5' phosphate arc mandatory, but both 
modificadons are advantageous, since they strengthen the 
silencing potential of the synthetic RNA. 

The observation that the inducing mechanism does not 
require perfect homology has consequences not only for 
the practical usage of synthetic cassettes in gene silencing, 
but it also allows us to envisage that there is crosstalk 
between genes. It is conceivable that a particular siRNA 
originating from a siieu ced gene may silence a second 
gene. An extensive overall sequence similarity of the two 
genes would not be necessary; short similar sequence 
domains of either polarity would be sufHcienc This miglxt 
turn out to be a naturally occurring way of gene regulation, 
cspcdaily during developmenL Further, in plants, an im- 
pact of short RNAs on transcriptional gene silencing 
(TGS) has been demonstrated. It was shown that the 
expression of dsRNA may result la promoter mcthylation 
[28, 29], and recent data suggest that shon RNAs direct 
de novo meihylation of homologous DNA [30]. In view 
of leaky sequence requirements for the induction of RNAi 
by short RNAs, it is possible that neither RNA-directed 
mcthylation requires strict sequence identity. 

The use of synthetic RNAs to induce RNA silencing will 
drastically simplify approaches for the systematic genera- 
tion of mutant phenotypes in order to assign gene function 
in DrosopMia^ such as that already carded out for C. el^ns 
[31, 32]* It needs to be tested whctficr and to what csxtent 
synthetic RNA cassettes arc capable of inducing gene 
silencing in other organisms, including mammals; how- 
ever, our initial auempts to induce RNAi in mouse were 
not successfiil (unpublished data). 
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